
PHYSICAL REVIEW B 15 DECEMBER 1998-IIVOLUME 58, NUMBER 24
Physical principles of the single-C60 transistor effect
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Starting with the physics of tunneling transport through a molecule, we describe the principles underlying
electrical amplification effects of a C60 molecule. We discuss in detail the consequences of intramolecular
electronic-level repulsion, an effect induced by compression of the molecule, which leads to an exponential
variation of the current for a minute compression of the molecule. This detailed understanding underpins the
C60 amplifier. Using a planar configuration and an independent electromechanical grid, a transistor effect
results from this repulsion effect.@S0163-1829~98!07448-7#
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I. INTRODUCTION

An electrical amplifier, which in its present form use
only one C60 molecule as its basic element, has been
scribed briefly in Ref. 1 and some of its technological co
sequences in Ref. 2. We present here details of the b
physics underlying this nanoscale amplifier. This serves
the basis for going beyond these findings to produce a t
sistor effect, which results from using the same principle a
a third, independent electrode.

A schematic diagram of our proposed molecular transis
is shown in Fig. 1. Two point nanocontacts, analogous to
tips used in scanning tunneling microscopy~STM!, are posi-
tioned in close nanoproximity ('1 – 10 nm) to one side o
the molecule. One of the electrodes, the source, is conne
to ground and the other~the drain! to the bias voltageVb via
the load. A very small electromechanical actuator~the grid!
is prepositioned at a van der Waals distance to the other
of the molecule~Fig. 1!. The input signalVg on the electro-
mechanical element produces~by compression! a change in
the intramolecular conformation of the molecule. The tra
resistance of the source-molecule-drain junction is modi
by this compression and, as a consequence, so is the d
source effective tunnel barrier heightf. This was the origi-
nal transistor effect we proposed based on the fact thatf is
modulated by a third electrode, theVg of which is lower than
Vb .2

In solid-state transistors, electric fields are commo
used to control channel transresistances.3 At the molecular
scale, it is not yet clear how or whether an electric field c
play an equivalent role because of the high-field stren
required to polarize a molecule significantly. More impo
tantly, the required field strength is incompatible with t
structural stability of source and drain nanocontacts. The
fore, to show that a gain can be obtained with a nanos
device, an electromechanical grid based on an electro
chanical device, originally piezoelectric in nature, was use1

In a simple metal-vacuum-metal junction, modulation
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the vacuum tunnel barrier was recently proposed by McCo
Dans, and Pease to achieve a transistor effect with a la
gain.4 In vacuum, the spreading of the wave functions o
side of the electrodes ensures a through-space electronic
pling between these electrodes, and supports a tunneling
rent intensity written5

I d5I 0~Vb!e22g0L, ~1!

whereg0
21 is the inverse tunneling damping length throu

the vacuum (g0'1 Å21 for noble-metal electrodes5!. There-
fore modulation of this barrier can, in principle, be achiev
through actuation by changing eitherI 0 , g0 , or L using a
third electrode.

At small L (L,0.5 nm), the value ofg0 is small com-
pared to 1 Å21 owing to the collapse of the tunnel barrier6

Consequently, no gain can be reasonably expected by m

FIG. 1. Schematic of an electromechanical single-molecule tr
sistor. The grid consists of a small piezoelectric crystal compres
the molecule held between the source and drain electrodes. The
signalVg is applied over a setup grid voltage necessary to prep
tion the piezo near the molecule. The output signal is measu
across the loadRL , with Vb the bias voltage of the device.
16 407 ©1998 The American Physical Society
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lating L, and even the associated metal-adhesion probl
do not allow multiple cycling of the device. Nevertheless,
atomic relay was experimentally realized by Smith using
propensity of metallic tunnel barriers to collapse at smallL,
thereby opening quantized ballistic channels between
metallic electrodes.7

At large L, g0 can be maintained at stable values, an
change ofL by 1 Å results in a typical increase of one ord
of magnitude inI d . Under these circumstances, modulati
L by a gate voltageVg ~Ref. 4! produces a transconductan
g of the device of

g5
dId

dVg
522g0I d

dL~Vg!

dVg
. ~2!

This was estimated to lead to ag/I d ratio as large as
200 V21, which is one order of magnitude higher than that
a bipolar transistor.4 The working current of this device i
nevertheless in the nanoampere range and not in the m
ampere range as is typical for bipolar devices.

One solution proposed to circumvent this problem is
increase the section of the metallic electrodes.4 This clearly
defeats the ultimate objective of fabricating a nanoscale t
sistor, and thereby fundamentally represents a bad sca
law. Another solution we pioneered is to introduce so
kind of material into the tunneling junction, such as atoms
molecules. As measured experimentally,8,9 I 0(Vb) at con-
stant Vb in Eq. ~1! generally increases in such a situatio
Fundamentally, this occurs because the overlap of the m
wave functions in the tunnel barrier is better if the barr
contains atoms. Compared to atoms, molecules are
defined building blocks that are capable of attaining the ex
dimensions of a tunnel barrier and can be engineered to
sess a large number of internal degrees of freedom. Th
fore a molecule can be selected not only for its action onI 0
but also as the active channel for a transistor.

One effect we have recently explored experimentally
the near doubling of the apparent value off by tunneling
through a compressed C60 molecule.9 A voltage amplification
effect results by modulatingL in the range of optimized
compression of the C60 cage.1 This effect is discussed here i
a more detailed manner in terms of an intramolecular lev
repulsion phenomenon. Furthermore, we extend this con
to improve the effect by keepingL and Vb constant and
compressing the cage directly using a third electrode.2 As
will be demonstrated, a level-repulsion phenomenon a
takes place in this case and is used to controlI 0 indepen-
dently of the source and drain electrodes as proposed in
1. We also show that the transistor effect is not only spec
to C60 but to molecules in general with degenerated highe
occupied and lowest-unoccupied molecular orbital~HOMO-
LUMO! manifolds.

Conceptionally the action of a single molecule as a tr
sistor requires a deeper insight into the nature of the cur
flowing from the drain to the source via the molecule. This
provided in Sec. II. Inducing changes in the electronic tra
parency of this molecule is discussed in Sec. III, and th
applied in Sec. IV to a dimer of benzene molecules and a60
molecule. Details of the molecular level shifts involved a
provided. The transistor effect is presented in Sec. V, ag
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using a single C60 molecule in compression. New opportun
ties and future directions for further development are sta
in the conclusion.

II. TUNNEL TRANSPORT IN A MOLECULE

A molecule positioned between the source and the d
as in Fig. 1 is certainly better than vacuum for closing
electrical circuit. This was clearly demonstrated experim
tally by comparing the current intensity~measured using a
standard amperemeter! between a vacuum tunnel junctio
and the same junction ‘‘short circuited’’ by a molecule9

Even saturated molecules such as alkane chains are se
orders of magnitude better than vacuum for a given intere
trode separation.10

The tunnel process through a molecule arises from
electronic interactions between the molecule, the source,
the drain electrodes in what is a strongly coupled syste
The net consequence of those interactions is an extensio
the metal electronic wave functions outside the metal alo
the molecule compared to their rapid falloff in vacuum. Th
extension has recently been measured by scanning an
tip along the molecular axis of a designer molecular w
connected on one side to a step edge.11

In a molecule, the opening of alternate tunnel chann
results from the overlap of the metal wave functions spre
ing through the molecule. Both drain and source contrib
to the extension of the metallic wave functions. Their sign
cance can be appreciated from the resultant broadenin
the molecular levels involved.12 This is much larger than in
their free state13 ~gas phase!. It is measured by the exponen
tial decrease of the current intensity along the length of
molecular wire when connected to only one electrode.11 In
this case, an exponential dependenceI d5I 0exp(22gx) pre-
vails, where the inverse decay lengthg is related tof
through the relationf54g2, with f in eV andg in Å 21.
This yields a molecularf consistently lower than that for th
equivalent vacuum gap.11

Under resonance conditions with predefined molecu
levels, the overlap of the tails of the metal wave function a
the molecule results in further delocalization. This occurs
certain energies. The resulting process, however, is ra
unstable owing to the low density of levels in a molecu
compared to a solid-state sample~even a mesoscopic one!. In
contrast, within the HOMO-LUMO energy gapx, many tun-
nel channels can effectively contribute to the formation o
drain-to-source tunnel path via the molecule. These chan
arise not only from the HOMO and LUMO levels but als
from other molecular levels the widths of which are signi
cantly enlarged such that they span the HOMO-LUM
gap.12 The superposition of these new tunnel channels m
not always result in a constructive phenomenon. Differen
in symmetry between the molecular orbitals involved c
also result in a destructive interference, itself an interest
physical phenomenon usable in nanoelectronics. The
ciency of tunnel-channel superposition can be evaluated
similar manner as ballistic channels in mesoscopic physi14

by the transparencyT(E) of the tunnel path. This is a nor
malized average of all the transmission coefficients of
metallic electron Bloch waves scattered by the dra
molecule-source double junction.12 A resulting T(E) spec-
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trum is calculated by constructing a scattering matrix12 and
estimated experimentally by measuring the macroscopic
sistance of the drain-molecule-source double junction us
the Büttiker-Landauer formula.15 In this scheme,T(E) de-
pends on the energy of the incident electron and on
source-drain voltageVds across the molecule.

At Vds50, the molecular levels are normally occupied
to the HOMO closest to the Fermi levelEF of the nanocon-
tact. The density of states between this level andEF is non-
zero owing to a broadening of the molecular level width. F
the molecules considered here, a significant electron den
is available atEF in the molecule for transporting tunnelin
electrons.13 This supplementary electron density is facilitat
by the spreading of the metallic electron wave functio
through the molecule itself. Importantly, at small HOMO~or
LUMO! separations fromEF , holes~electrons! can be ther-
mally activated onto a corresponding molecular level. S
ported only by discrete levels, this thermal current is e
tremely sensitive to voltage fluctuations, molecu
conformations, and adsorption configurations. For nanoe
tronically dense fabrication, these usually represent und
ired effects. However, in the molecular devices discus
here, they can readily be suppressed by engineering a s
ciently large HOMO-LUMO gap with respect tokT to cir-
cumvent such electron-phonon coupling.

The drain-current intensityI d depends on the molecula
length, chemical composition, and—very crucially—on t
conformation~shape! of the molecule that forms the activ
‘‘molecular’’ channel between source and drain. In the en
getic window eVds!x, the I d(Vds) characteristics of such
junctions are theoretically predicted and experimentally v
fied to be linear because the energy of the tunneling elec
is within the HOMO and LUMO resonances. This is a m
lecular equivalent to the ‘‘Simmons’’ condition for meta
vacuum-metal tunnel junctions.16 It is required for establish-
ing tunneling transport through ‘‘molecular’’ channels.17

Here the electrons are transferred one at a time. The tra
time through such a molecular channel is shorter than
time t5e/I d between two electrons delivered by the sour
to-junction channel.18 This transport mechanism will remai
elastic as long as the transit time remains shorter than
characteristic intramolecular relaxation time. Inelastic ch
nels develop only when the molecule is sufficiently long
the transit time to approach the relaxation time. This ba
limit can be understood in terms of the transit~tunneling!
time through a molecular channel, which is proportional
exp(12gL), whereL is the length of the channel.19 An opti-
mum choice of the molecular length therefore permits
elastic tunneling transport regime to be the dominant c
duction mechanism.

Basic design rules to establish the tunnel path throug
molecule can be developed by modeling the molecule as
principal molecular levels involved in the tunneling proce
Its HOMO and LUMO levels are then allowed to intera
with two one-dimensional~1D! electrodes representin
source and drain nanocontacts. For example, if the HOMO
symmetrically and the LUMO antisymmetrically coupled
the electrodes, each level opens a tunnel channel~Fig. 2!.
Their superposition in the HOMO-LUMO energy range w
be constructive due to the symmetry chosen in this case.
situation features the tunnel-path formation in a r
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molecule.12 The transparencyT(E) and the change in loca
density of states LDOS(E) introduced by the two channel
are presented in Fig. 2 and calculated using a standard t
binding representation.20 In a first step, the spatial propagato
232 matrix along this 1D chain was calculated. In a seco
step, the 232 scattering matrix was obtained.T(E) is the
modulus of the first element of this matrix and LDOS t
derivative of its argument.20

The values used for the ‘‘electrode-molecule’’ electron
coupling b and for x in Fig. 2 are characteristic of a low
HOMO-LUMO gap conjugated molecular wire. AtEF , the
transparency of the tunnel path resulting from the constr
tive superposition of the HOMO and LUMO tunnel channe
is approximately 1022, which leads to a resistance of 1 MV.
This is a typical value for a short, conjugated moleculeL
'1 nm) with a decay lengthg21 not yet stabilized and rep
resentative of an optimally chemisorbed molecular cont
on source and drain.

Here the LDOS indicates a moderate enlargement of
HOMO and LUMO level width towardsEF . The I d(Vds)

FIG. 2. Variation of the transparencyT(E) and the local density
of states LDOS(E) as a function of the incident energy of the ele
trons scattered elastically by a two-level system with a separatio
x51.5 eV. Here the contact Fermi level is atEF55 eV, and the
electronic coupling between the two-level system and the 1D e
trodes isb50.2 eV, with a resonance integralh52 eV along the
chain representing the 1D electrodes.~a! Tight-binding presentation
of the calculated system.~b! T(E) spectrum. The Lorentzian dashe
lines are from the same spectrum, but with only the HOMO or
LUMO level activated.~c! LDOS(E) spectrum with the occupied
states indicated.
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16 410 PRB 58C. JOACHIM, J. K. GIMZEWSKI, AND H. TANG
characteristic presented in Fig. 3 is linear foruVdsu,0.5 V.
For large values ofVds, I d was calculated by integratin
T(E) over the difference of the Fermi distributions of sour
and drain electrodes, shifted byeVds relative to each other, a
T5300 K, and assuming a 1D density of states in tho
electrodes. For low values ofVds, this leads to the standar
linear approximationI d5(e2/p\)T(EF)Vds used in the fol-
lowing even for a multichannel calculation ofT(E). The
stepped structure is the signature ofeVds as it reaches the
HOMO ~or LUMO! level. With increasing energy, the ap
pearance of a 1-eV gap aroundVds50 is actually the result
of an enlargement of the molecular levels introduced byb
becausex51.5 eV in the calculation.

The transit time through this simple but illustrative m
lecular structure can now be estimated by calculating
electron transfer rate of a four-level system comprising
input and an output state with two intermediate HOMO a
LUMO levels. This transfer rate can be expressed an
5xh21A114b2x22, which yields a transit time of
10216 s.22 To put this value into perspective, the avera
time interval between two electrons delivered by the sou
to this four-level system can be estimated from the Landa
formula, I d5(e2/p\)T(EF)Vds, to yield a duration ofe/I d
'10212 s.

The clear implication for a short molecular channel with
1.5-eV HOMO-LUMO gap, characterized by a reasona
1022 transparency, is that the transport regime in the chan
occurs by tunneling with an average of one electron tran
ing the tunnel path per unit of time. With respect to Coulom
blockade effects, our calculations show that, in this transp
regime, the electrons do not charge the molecule. In the
ear ‘‘molecular-Simmons’’I -V regime of a double junction
the molecule is, in principle, only virtually occupied by th
transiting electrons. This is a general consequence of vir
resonance tunneling~VRT! where the transit time is very
short. The Coulomb blockade effect is thereby avoided an

FIG. 3. The calculatedI d(Vds) characteristic of the two-leve
system in Fig. 2~a!, revealing the linear-law voltage part forVds

,x and a stepped structure when the bias voltageVds.x. I d(Vds)
was calculated taking an effective electric-field level shift of 0.4Vds

into account~Ref. 21! to show the multiple steps that appear even
there is no Coulomb blockade and only two levels in the syste
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linear I d(Vd) characteristic is maintained by operating in
pure quantum regime.

III. ACTING ON THE MOLECULAR CHANNEL
TRANSPARENCY

The transparency of a molecular channel depends on
spreading of the metal wave function over the molecule e
bedded in the source-molecule-drain junction. Retraction
extension of the metallic wave function from the molecule
both sides~source and drain! will reduce or increase the
tunneling-current intensity, respectively. We foresee t
these effects can be utilized to create an intramolecular v
action. Conceptionally, this may also exist between subco
ponents of a single molecule, independent of the meta
electrodes, but this is more challenging to put into operat
at present.

The change in the spreading of a wave function alon
molecule’s length has been the subject of much resea
Intramolecular through-bond electron transfer experimen23

have provided insight into how intramolecular conformati
changes24 or chemical modifications25 can practically pre-
clude electronic communication from one end of a molec
to the other. For instance, the HOMO~or LUMO! molecular
levels are shifted by such intramolecular transformation26

The resulting changes in the rate of intramolecular elect
transfer are direct proof that sufficient degrees of freed
are available in a molecule for the coherent control of
electron-transfer process. Sequential electron tran
through a molecule under the VRT transport regime impl
that intramolecular modifications determine the transpare
of the intramolecular channels.

In our fundamental model~Fig. 2! of a molecular channel
any reduction ofx increases the transparency of the chan
as it increases the through-bond electron-transfer rate.26 The
I d(Vds) characteristics of such channels remain linear
Vds!x. Their slope follows variations inx. However, the
conversion betweenx and transparency amounts to only o
order of magnitude per 1 eV reduction ofx ~see Fig. 4!. Here
we note that reducingx does not change the width of th
level supporting the tunneling current but only its relati

f

FIG. 4. Variation of the transparency of the two-level system
Fig. 2~a! as a function of its HOMO-LUMO gapx for a fixed value
of b50.2 eV. This transparency is calculated from the low-volta
Landauer formula giving the conductanceI d /Vds of the junction as
a function ofx.
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position. Furthermore, a reversible change of the HOM
LUMO separation by 1 eV is difficult to achieve withou
actually modifying the chemical structure of the chann
Such a change appears unrealistic for the grid of a sin
molecular transistor. A far better conversion is obtained
considering theb term instead of thex term in Fig. 4, as
presented in Fig. 5. Unfortunately, this is not an intrachan
effect, as is thex effect, but rather depends on the manner
which the molecule is chemically docked to the source a
the drain.

The key point of the amplifier and transistor device d
cussed here, namely, level-repulsion phenomena, can no
introduced. The closure of the HOMO-LUMO gap
achieved indirectly. By changing the electronic coupling
side the HOMO and the LUMO manifolds themselves, k
features of a single molecular amplifier can be obtained. T
requires the channel to have a more complex intramolec
structure than a two-level system because the dimensio
the manifolds must be greater than unity for a repulsion
occur.

Consider a molecular tunnel path having four levels: t
degenerated HOMO’s and two degenerated LUMO’s.
each manifold, molecular levels are symmetrically and a
symmetrically coupled to the nanocontacts as represente
Fig. 6. In the absence of additional coupling, it can be sho
that the transparency of this four-level system is uniform
zero over the entire energy range. This results from the
ciprocal annulation of the effective coupling between t
various tunnel channels opened by those four levels.
introduction of a small HOMO-LUMO intermanifold elec
tronic couplingd restores the nonzero transparency of
tunnel path. More importantly, fordÞ0 the introduction of
even a minute intramanifold electronic coupling,a, results in
a very large transparency change. Figure 6 demonstrates
instance, a change of more than two orders of magnitude
an input variation of less than 0.3 eV ina. The explanation
of the high sensitivity presented by the transparency is tha
introduces a strong intramanifold level repulsion result
from the initial degeneracy of the levels in each manifold
is amplified by a zero of transparency fora5d/2. Such a
repulsive effect constitutes the physical background for
eration of the C60 amplifier.

FIG. 5. Variation of the transparency of the two-level system
Fig. 2 as a function of its electronic coupling to the 1D electrod
for a fixed x51.5-eV HOMO-LUMO gap. The transparency ha
been calculated in the same way as in Fig. 4.
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Tunneling through a four-level system withdÞ0 anda
Þ0 is equivalent to tunneling through a nondegenerate,
coupled four-level system obtained by diagonalizing t
former. The equivalent system has a HOMO-LUMO sepa
tion x8, which is a function ofa andd. The effective elec-
tronic coupling between this four-level system and the na
contacts is also a function ofa and d. With the channel
structure, Fig. 6, we have consolidated both thex variation
presented in Fig. 4 with theb variation presented in Fig. 5
Overall the modeling indicates that optimum operation
quires predefined intramolecular electronic structures for
respective channels. These are quite distinct from those
posed for molecular wires12 and differ from simple combi-
nations of molecular nodes usually proposed in the literat
for obtaining a transistor effect in a molecular circuit.

The simple tight-binding model used here demonstra
that a large transparency variation of a molecular tunnel p
can be obtained with a small perturbation of its intramole
lar electronic structure. Four channels appear to represen
minimum number of levels required in the path to attain su
a sensitivity.

In the schematic in Fig. 1, the molecule is gated by a th
electrode, independent of the source-drain distanceL. Ac-
cording to the results presented in Fig. 6~a!, there is a range
of a in which I d grows exponentially upon a linear variatio
in a with b kept constant, i.e., with fixedL. In this range, the
current can be written in a first approximation from its tran
parency@see Fig. 6~a!# as

I d5 i 0~Vb!eka~Vg!, ~3!

wherei 0 is a prefactor depending onL, g0 , and on the way
the molecule is chemically bound to the electrodes. The
tive part of the channel is no longer controlled byg0 because
L is constant. There is still an exponential terme22g0L in
i 0(Vb) because ifL is changed,I d must change too. But this
is an interface factor indicating how the metal wave fun
tions match those of the molecule. Using Eq.~2!, we find

s
FIG. 6. ~a! Variation of the transparency of the four-level sy

tem shown in the inset as a function of the intramanifold electro
couplinga for b50.2 eV andd50.3 eV. For 0.3,a,0.7 eV, this
transparency is almost exponential ina, as indicated by the dashe
line. This is a particular property of the effective electronic co
pling through this four-level system.~b! Same variation as in~a! but
as a function of the HOMO-LUMO gapx8 controlled bya with
x8,x for aÞ0.
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that the gain of such a device relies on the slo
kda(Vg)/dVg , where k is characteristic of the molecul
used. As will be demonstrated below, the real difficulty w
solved was to find a way witha5a(L) andL5L(Vg) to act
on the intramanifold-repulsion parametera using a third
electrode.1,9

IV. LEVEL REPULSION DURING C 60 COMPRESSION

The proposed four-level repulsion effect exists ev
within simple molecules. Let us first consider two benze
molecules, each adsorbed on a flat surface as present
Fig. 7. As a working example, it provides a useful system
use efficiently our elastic scattering quantum chemis
~ESQC! technique27 to calculate the conductance of a met
benzene benzene-metal double tunnel junction. The HO
and LUMO manifolds of two face-to-face noninteractin
benzenes are each of dimension 4. Twop symmetrical and
two p antisymmetrical orbitals per manifold are coupled
the electrode electronic levels. This represents twice
channels necessary to achieve an intramolecular le
repulsion effect. Through-spaced anda electronic couplings
are very small at large distances such that the junction tr
parency with the dimer is zero when the HOMO-LUMO g
becomes constant.

The benzene-electrode coupling is defined by a benz
to-surface distance of 2.3 Å. Although this is large compa
to standard chemisorption distances, the repulsion effect
soon become apparent in aT(E) spectrum. The mechanica
compression effect is modeled by progressively reducing
interbenzene distancez in the dimer, maintaining each
benzene-to-surface distance constant. As the distance
creases, the intermanifolds and intramanifold’s electro
coupling increase. Belowz53.4 Å, the energy of the dime
is observed to increase considerably, illustrating that an
ternal force must be applied to the electrodes to maintain
dimer at the set distance. Contrary to the tight-binding s
tem in Fig. 6 whered anda can be chosen independently, o
a real molecule the two interactions are intimately asso
ated, whered anda change in conjunction.

FIG. 7. Schematic of the tunnel-junction configuration havi
two face-to-face benzene molecules to reproduce a simple le
repulsion effect. The tunnel-current intensity through this junct
was calculated using the STM-ESQC technique~Ref. 27!.
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The T(E) spectra forz55 and 3 Å are presented in Fig
8. For example, atz55 Å, the LUMO manifold as shown in
Fig. 8~c! displays four structures, corresponding to the foup
LUMO levels. At z55 Å, each benzene is a short~2.3 Å!
distance from its own surface. However, they are both 7.3
apart, hence they are not in resonance. The tunnel bar
exhibit asymmetry, which constrains the maximum of t
transparency to remain below unity. The remaining featu
are readily identified as deeper occupied and higher uno
pied s andp molecular orbitals of the benzene dimer. Atz
53 Å, level repulsion occurs: two levels move up and tw
levels move down in each manifold, as we intuitively e
pected. In this case, the HOMO-LUMO separation is redu
by 0.6 eV. The consequence of this mechanoelectronic ef
is an increase of electronic transparency of almost four

el-

FIG. 8. TheT(E) spectrum for the tunnel junction presented
Fig. 7 having two benzene-molecules for a benzene-benzene
tance of~a! 5 and~b! 3 Å. ~c! Closeup of the spectrum in~a! around
the LUMO manifold where the fourp* -level resonances are clearl
visible. Each level defines a tunnel channel with its own resona
width depending on the corresponding molecular orbital electro
coupling with the metal surface. Each Lorentzianp* resonance is
indicated by a dashed line.
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ders of magnitude. This provides a very satisfactory per
mance of two orders of magnitude change in current
angstrom of compression. To confirm the level-repulsion
fect, we have plotted in Fig. 9 the transparency of the dim
as a function of the HOMO-LUMO separation estimat
from the calculatedT(E) spectrum. This curve is almos
identical to the one presented in Fig. 6, except that the z
of transparency is pushed towards the natural HOM
LUMO gap of the molecule. As previously stated, this len
support to our argument that, in a real molecule,d anda are
inseparably linked.

In an STM junction, it has not been demonstrated that t
benzene molecules in parallel orientation—one on the
and one on the surface—can yet be realized. Theoretic
we have chosen to explore the repulsion effect and its se
tivity, where the two partners of the interaction are chem
cally fixed. Starting from this benzene dimer, there are m
further molecules or architectures available that respect s
lar constraints. As shown in Fig. 10, a cyclophane molec
~2! maintains two benzene rings at a distance of 3.4 Å us
saturated ‘‘connectors.’’ Conjugated arms such as phe
components~3! or even a unit of the recently proposed p
cotube molecule~4! also maintain two face-to-face benzene
despite some distortion. To achieve a high degree of tra
parency through these dimers, conjugated connectors ap
to be electronically preferable to saturated connectors. F
thermore, the adsorption conformation of the molecule
the substrate should ideally favor a planar-to-surface benz
conformation. Our choice of C60 having many face-to-face
phenyl groups, for which the intervening chemical structu
is clearly not saturated, appears well suited in light of
preceding model system. Moreover, its HOMO manifold h
a dimension of 5 and its LUMO a dimension of 3, an ide
condition for molecular level repulsion.

The variations of the C60 transparency under compressio
are calculated more realistically than with the benzene dim
One electrode was equipped with a tip apex and the en
geometry of the cage was optimized for each tip apex

FIG. 9. Variation of the transparency of the dimer benzene ju
tion shown in Fig. 7 as a function of its HOMO-LUMO gap. Th
curve compares well with that in Fig. 6~b! in the x,1.1 eV range,
before the zero in transparency. Inset: schematic of the le
repulsion effect. Only the HOMO and LUMO manifolds are repr
sented.
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surface distancez. The conductance of the ‘‘metal electrod
tip apex-C60-metal surface-metal electrode’’ tunnel junctio
was then calculated using the ESQC technique for each
formation, the entire valence structure of the C60 molecule
being taken into account.9 Details of the transparency spe
trum are given in Fig. 11 fromz513.85 to 11.35 Å. A level-
repulsion effect clearly occurs when the C60 cage is com-
pressed by the tip apex as shown in Fig. 12 by plotting
C60 transparency as a function of the HOMO-LUMO sep
ration. This is confirmed experimentally as the C60 intramo-
lecular mechanics and electronic reorganization due to c
pression have been obtained by plotting theI d(z)
characteristics.9 This experimental result is well reproduce
by the same calculation scheme that we used to calculate
T(E) spectrum~Fig. 11! and the dependence ofT(EF) on
the C60 HOMO-LUMO gap~Fig. 12!.9 The sensitivity of the
level-repulsion effect to compression compares well w
that of the benzene dimer~Fig. 9! and with our simple tight-
binding model~Fig. 6!.

For z.14 Å, there is no compression of the C60 cage and
againI d(z)5I C60

exp2(Afz) with f54g0
255 eV as found

experimentally.30 The I C60
factor is different from the pref-

actor in Eq.~1! because a C60 molecule in the tunnel junction
brings several orders of current intensity more than
vacuum.9

In the compression range, 10.7 Å,z,12 Å, the tunnel-
current intensity at the center of the HOMO-LUMO gap c
be fitted by the expression

I d~z!5I C60
e2~Af1KC60

!z, ~4!

which can be obtained from the experimentalI d(z) results or
by using the calculated ESQC data.9 The role ofAf in Eq.
~4! is standard, and has already been discussed in the in
duction. TheKC60

term is new. It results from the level

repulsion effect. Compressing the C60 cage introduces an in

-

l-
FIG. 10. Examples of~1! a benzene dimer in a parallel configu

ration calculated from the junction in Fig. 7,~2! a cyclophane mol-
ecule~Ref. 28!, ~3! with the phenyls maintained face-to-face by th
other two lateral ones~Ref. 28!, and ~4! an element of a picotube
~Ref. 29!.
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FIG. 11. T(E) spectra for a single C60 molecule compressed b
the STM tip apex. The tip apex-surface distance is~a! 13.85, ~b!
13.35, ~c! 12.85, ~d! 11.85, and~e! 11.35 Å. Only the HOMO-
LUMO gap region is represented.

FIG. 12. Variation of the transparency of the C60 molecule com-
pressed by the STM tip as a function of its HOMO-LUMO gap. T
latter is calculated as shown in the inset, i.e., by recalculating
C60 compressed electronic structure as a function of the tip ap
surface distance. This curve compares well with the one in Fig.~b!
for x,1.1 eV and with the benzene-dimer curve in Fig. 9.
tramixing of the levels in the HOMO and LUMO manifol
~see Fig. 12!. Then, their intramanifold degeneracy lifts, fo
lowed by the C60 HOMO-LUMO gap closure, as shown in
the inset of Fig. 12. This gap change quantitatively contr
the overlap on C60 of the evanescent metallic waves eman
ing from both the tip apex and the surface electrode. Thi
not taken into account by theAf exponential term in Eq.~4!,
which characterizes only the through-space penetration d
of this evanescent regime.

The formala(Vg) function introduced in Eq.~3! is here a
linear KC60

z function of z, with z5z(Vg). For the range

10.7,z,12 Å, comparison with experiment9 ~and with cal-
culations! yields Af1KC60

55.31 Å21, i.e., KC60

53.07 Å21. This triggered the search for a molecule with
better manifold intramixing for a moderate compression
the molecule.

We have experimented with the transductance of the
plifier by directly applyingVg on the z-piezo-tube of an
STM tip.1 This indirect gate on the piezotube was the on
means at hand to gate the C60 channels,9 and to prove that a
gain can be obtained with a single molecule using its intr
sic electronic structure. Using a piezo with a conversion f
tor of 1 Å/10 mV, the extracted value ofAf1KC60

, and a
set distance of 11.7 Å,9 the normalized transconductance
our amplifier is given by Eq.~2! by g/I d5531 V21. This
value is more than twice that of a vacuum tunnel junctio
For Vb50.2 V, I C60

in Eq. ~4! is found to be 7.48 nA in the

experimental I d(z) characteristics,9 confirming the low
working current of a nonresonant tunneling device as d
cussed in the Introduction. For a load of 106 V, the gain of
this amplifier with a piezotube gate isg3106'4.1

V. ELECTROMECHANICAL SINGLE-MOLECULE
TRANSISTOR

Fabricating the source and drain electrodes on the s
surface of a semiconductor material as the transistor cha
was the key to advance from the first point-contact transis
to a state-of-the-art integrated circuit.31 The same planariza
tion step for the C60 amplifier allows the separation of th
grid2 as proposed in the schematic in Fig. 1. Furthermore,
amplification arises here from the level-repulsion effect. T
effect is not solely restricted to C60 molecules as shown in
the preceding section. It requires molecules with degener
HOMO and LUMO manifolds. Therefore, a planar version
the C60 amplifier will also open the number of molecula
systems to those not accessible to compression unde
STM tip apex.

The planar setup of the C60 amplifier is straightforward to
design.2 The ‘‘tip-apex-C60-molecule-surface’’ junction is
planarized in a ‘‘metal-C60-metal’’ nanojunction fabricated
on top of an insulating material. The grid can be mechan
but also electrical. An electric field applied transversally
this planar junction will mix the ground and excited molec
lar levels of C60 ~an equivalent of thed electronic-coupling
term introduced in Sec. III!. With an appropriate orientation
of the field with respect to the molecular axis, the manifo
degeneracy can be lifted~the a effect!. However, the effect
of an electric field at present appears to be generally mino
the molecular level compared to a local microscopic field.
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such, it obliges one to work with high-field strengths, whi
are generally incompatible with the stability of nanocontac

Mechanical effects are more amenable to nanoscale
periments because the local forces applied by a tip apex
single adsorbate compete well with the strength of intram
lecular bonds.32 Therefore, we have chosen a microcantilev
positioned on the nanojunction for the grid to compress g
tly the C60 cage from the top2 ~Fig. 13!. This cantilever is
deflected by a piezolayer deposited on its top face. The te
nology to realize such a design has been discussed rec
together with the competition between the piezolever se
tivity and its resonance frequency when the cantilever
mensions are reduced to 0.1mm.33 Here we focus only on
the electronic characteristics of the planar device shown
Fig. 13.

The ESQC technique was used to calculate its sou
drain tunneling-current intensity as a function of the cant
ver apex to surface distancez when the cantilever end i
positioned vertically above the C60 molecule. As done previ-
ously, the mechanics of the junction was optimized using
MM2 routine. The source and drain are two gold electrod
of 25 atoms each in section, and semi-infinite in one dir
tion. At the junction, each end of the electrode is not flat
rather terminated by an apex to optimize the electronic c
pling between these electrodes and the C60 HOMO and
LUMO manifolds. The two electrodes and the C60 molecule
are deposited on a rigid NaCl surface. The interelectr
distanceL is 1.24 nm. This is the optimum distance to obta
a good electronic contact between the electrodes and the60
molecule, as determined experimentally and
calculations.9,17 For Vds50.2 V andVg50 (z.14 Å), the
calculation yieldsI d515 nA for the device shown in Fig. 13
The lever end consists of a diamond tip with~111! facets,
previously used for the calculation of atomic-force micro
copy images.34

As described in Sec. IV, a compression of the C60 cage
results in a strong intra-HOMO and LUMO manifold

FIG. 13. Schematic of the planar version of the C60 amplifier.
The electromechanical grid is separated from source and drain.
tip apex consists of insulating material and is supposed to be
ported at the end of a cantilever~Refs. 2 and 33! ~not shown here!
that is equipped with a piezolayer to control its deflection. T
separation between the two metallic pads must be less than 1.
to allow operation in the nanoampere range.
.
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repulsion effect. But this effect depends on the horizon
~Fig. 13! and vertical way the current is measured. For v
tical access,9 the junction transparency is zero when the tip
far away from the molecule. For a horizontal configurati
~Fig. 13!, there is a net residual current in the absence
compression because the interelectrode distance is fi
Therefore the inter-HOMO-LUMOd-like interaction via the
surface of the electrodes is much larger than in the vert
case. Hence, and according to Fig. 6~b!, there must be a zero
of transmission for a given value ofx. TheT(EF) variations
as a function of the C60 HOMO-LUMO gap under compres
sion is presented in Fig. 14 for the arrangement shown
Fig. 13. There is a small~0.1 Å! increase in the diameter o
the C60 cage when the grid apex approaches C60 in a weak
attractive van der Waals regime. This explains the small
increase aroundx51.3 eV. When compression sets in,x
and T(EF) decrease, as expected fordÞ0 @see Fig. 6~b!#.
But T(EF) does not attain zero because in the C60 molecule
more tunnel channels than the HOMO and LUMO ones
active. Some of the other channels are spectrally rigid
maintain their contribution to the tunnel path. At larger com
pression, the gap continues to decrease andT(EF) starts to
increase.

The I d5 f (z) characteristic is presented in Fig. 15. Forz
.12.5 Å, the residual set current is 7 nA forVb50.1 V. For
10.5,z,12.5 Å, the current intensity decreases owing
the zero of the transmission effect. For 10,z,10.5 Å, there
is a large increase inI d for a minute reduction ofz. This is
the signature of a strong level-repulsion effect with a chan
of the C60 HOMO-LUMO gap. In this planar configuration
this effect mainly stems from the HOMO manifold split b
the compression of the cage. Forz,9 Å, C60 is so strongly
compressed that it escapes from the junction.

In the range 10.0,z,10.5 Å, I d increases exponentially
for a small z variation. An amplification results as in th
vertical STM configuration. In this range, the mechanic

he
p-

nm

FIG. 14. Variation of the transparency of the C60 molecule in the
junction configuration presented in Fig. 13 as a function of
effective C60 HOMO-LUMO gap. This gap changes as a function
the altitude of the grid tip apex. It was calculated after a full op
mization of the atomic configuration of the junction in Fig. 13. No
the T(EF) minimum due to the zero of the transmission effect p
sented in Fig. 6~b!.
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potential energy of the junction increases by 50 kcal/mol.
shown in Fig. 15, theI d(z) characteristics can almost b
fitted by the exponential

I d~z!5I d0
~Vb!e2kC60

z, ~5!

wherekC60
57.505 Å21 is the level-repulsion sensitivity o

the device.
Contrary to Eqs.~1! and ~4!, the exponential variation in

Eq. ~5! is due solely to the intramolecular effect. This is
clear exploitation of the intrinsic property of a molecule
obtain a gain on the nanoscale. By building an effect
squared tunnel barrier to model this molecular device,
can control the barrier height by a third electrode, but in
linear I d(Vb) regime. This clearly constitutes a transistor e
fect because the transfer resistance through the effective
rier between the source and drain electrodes is controlled
the intrinsic property of molecular channels, themselv
modulable by a third independent mechanical electro
With a 1 Å/10-mV piezoconversion factor, the normaliz
transconductance of this transistor isg5750 V21 with a
small (I d0

50.66 nA) prefactor compared to Eq.~4! but at

Vds50.1 V.

VI. CONCLUSION

The principle of our C60 electromechanical transistor ca
be summarized as follows. Emanating from both source
drain electrodes, metal wave functions penetrate in an e
nescent regime through the molecule owing to its nonz
HOMO-LUMO gap. The overlap between these two wav
supported by the molecule, determines the tunnel curren

FIG. 15. Variation of the drain currentI d in the source-C60-drain
junction presented in Fig. 13 as a function of the distance betw
the diamond tip apex and the NaCl surfacez with Vb50.1 V. The
mechanical contact between tip apex and C60 surface occurs atz0

512 Å. For 10,z,10.5 Å, the current can approximately be fi
ted by the dashed line giving the exponential law in Eq.~5!. On this
line, A andB are the optimal working points of the device, withA
its low- andB its high-impedance state. The inset shows the sou
drain Ohmic resistance as a function of the force applied to the60

cage by the tip grid. From this curve, an ‘‘on (A) –off (B)’’ mini-
mum switching energy of 1.25310219 J is deduced.
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tensity through the source-to-drain molecular channels.
the HOMO-LUMO gap is progressively closed, the degree
delocalization of these evanescent waves increases ove
molecule. This closure comes from an intra-HOMO a
LUMO manifold repulsion effect that turns out to vary e
ponentially with the amount of orbital mixing in these man
folds introduced by gentle compression of the C60 cage. This
very efficient valve action results from the way the deloc
ization of the metal wave on the molecule is controlled. T
is a transistor effect in which the valve action results in t
control of the electron transfer resistance between source
drain by a third, independent electrode.

A simple model of this transistor effect is a tunnel barr
whose height is modulated independently of its width a
where its bias voltage remains much lower than the bar
height for the entire range of the electromechanical grid
working operation. The barrier-height modulation has be
introduced by intentionally working in a tunnel transport r
gime supported by the C60 molecule. Such a modulation i
difficult to obtain in a ballistic transport regime where the
is no tunnel barrier, only a channel quantification effe
which varies in an incremental noncontinuous manner. O
solution to restore a barrier-height variation is to rely on
Schottky effect at the metal-molecule interface. In this ca
the molecule must be sufficiently long with a very den
molecular level manifold near the Fermi level of the ele
trodes so that a Schottky barrier builds up. This was rece
observed for a single carbon nanotube used as a ball
molecular channel. A field-effect transistor was measu
with a 100-nm-long nanotube. Such a length is required
stabilize the band-bending phenomenon.35 The fundamental
size limitation of such a device is the same as that for u
mate field-effect transistors: the channel must be sufficie
long (L.20 nm) to ensure a good barrier formation at bo
ends.36 In contrast, a one-order-of-magnitude shorter chan
length can be obtained by working in a tunnel transport
gime using the native tunnel barrier.

The price for this size reduction is the low intensity of th
working tunnel current. Offsetting this is the benefit of a ve
short transit time of the electrons in the tunneling regim
compared to the ballistic case. Working in the tunneling
gime also opens up new avenues in terms of integrating m
than one device per molecule. Our actual molecular elec
mechanical amplifier1,2 and transistor33 are discrete devices
that may be associated in series or in parallel with an app
priate planar technology. But even more exciting is the p
sibility of integrating multiple devices in a single molecul
This requires that each subdevice be gated along a si
molecule rather than electromechanically~or even electri-
cally!. In this sense, a ‘‘current intensity’’ gate seems bet
adapted for integrated molecular circuits if such a pheno
enon can be mastered and developed at the nanoscale.
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Phys. Rev. B48, 1711~1993!.
11V. Langlais, R. R. Schlittler, H. Tang, A. Gourdon, C. Joachi

and J. K. Gimzewski, Nature~London! ~to be published!.
12M. Magoga and C. Joachim, Phys. Rev. B56, 4722~1997!.
13N. D. Lang, IBM J. Res. Dev.30, 374 ~1986!.
14A. D. Stone and A. Szafer, IBM J. Res. Dev.32, 385 ~1988!.
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